Excess glutamate accumulates in synapses between two neurons causing excitotoxicity. Presynaptic astrocyte mainly absorbs excess glutamate as a clearance mechanism via glutamate receptors. Excitotoxicity is related to dysfunction in mitochondria and endoplasmic reticulum and associated with age-related neurodegenerative diseases as well as stroke, epilepsy and traumatic brain injury. Identifying the underlying molecular mechanism of excitotoxicity and ways to combat it will help to stop or slow the progress of neurodegeneration.
Introduction
A number of cellular processes are observed in almost all neurodegenerative disorders such as increased oxidative stress, reactive oxygen species, mitochondrial dysfunction, lysosomal dysfunction, protein aggregation, inflammation, excitotoxicity, apoptosis, necrosis and metabolic syndrome. These processes may underlie the molecular mechanisms of neurodegeneration and enlightening the pathways may pave the way for the potential therapeutics.
Excitotoxicity is a major condition associated with age-related neurodegenerative diseases such as Alzheimer's Disease, Parkinson's Disease, Huntington's Disease, ALS (Amyloid Lateral Sclerosis) as well as stroke, epilepsy and traumatic brain injury [1, 2] . Excitotoxicty occurs as a result of the accumulation of excess glutamate in synapses. Normally, excess glutamate is absorbed by presynaptic astrocytes via the glutamate receptors on their membranes.
Glutamate functions as one of the major neurotransmitters in the Central Nervous System (CNS) [1] . It is also a precursor for GABA in neurons and glutamine in astrocytes. Glutamate controls main functions of CNS such as learning, memory, cognition and emotion linking glutamate to the physiology of CNS. Glutamate is recognized as the main excitatory amino acid transporters (EAATs) in the vertebrate CNS with up to 40% of all synapses being glutamatergic [2, 3] . EAATs carry out energy-dependent glutamate transport in CNS. Three neuronal isoforms and two glial isoforms of Na-dependent glutamate transporters exist in brain and EAAT2, also known as GLT-1 is the predominant isoform in the brain [1] , mostly located on astrocytes and carry out as much as 95% of glutamate transport [4] [5] [6] . This happens as a result of the normal neuronal function and protects against excitotoxicity. Therefore, brain depends on the glutamate transport performed by the EAATs and also excess glutamate to be absorbed by them, since there is no extracellular catabolic mechanism for glutamate.
Excitotoxicty also affects the mitochondria function, since excessive glutamate disrupts Ca +2 balance and ATP production and further leads to the formation of reactive oxygen species. It is also associated with endoplasmic reticulum stress due to the pathological Ca +2 signal evoked by excess glutamate.
Excitotoxicity and epilepsy
Epilepsy is a common neurological disorder affecting people of all ages and characterized by epileptic seizures. The causes of epilepsy are both genetic [7] and non-genetic. Less number of cases is due to genetic mutations. Non-genetic reasons include brain injury, brain infections, brain trauma, stroke and birth defects.
Epilepsy is associated with unpredictable seizures due to abnormal electrical activity. Excitotoxicty is one of the main reasons of these seizures since seizure activity is transmitted from one neuron to the next primarily through excitatory glutamatergic transmission. It is known that glutamate-induced excitotoxicity causes the neuronal death in epilepsy and increased glutamate levels were observed in epileptic human brain tissues and also in animal models of epilepsy [8, 9] . Glutamate that is released from synapses act on ionotropic and metabotropic receptors, which afterwards leads to the initiation and transmission of the seizures [10] .
Excess glutamate causing neurotoxicity is absorbed by astrocytes via glutamate transporters. Glutamate is not metabolized by any enzyme significantly. The most efficient way to remove glutamate is by receptor uptake through astrocytes [11] [12] [13] . It is then either converted to glutamine via glutamine synthetase in astrocytes or metabolized by glutamate dehydrogenase and then brought into TCA cycle. Glutamine is transported out of the astrocyte and then taken up by the glutamatergic neuron where it is converted to glutamate by glutaminase enzyme [14] . Rapid metabolism of intracellular glutamate via glutamine synthetase is a critical step for the efficient clearance of glutamate from synaptic cleft. Several studies showed that glutamine synthetase activity in astrocytes is reduced in neurodegenerative diseases, including MTLE (Median Temporal Lobe Epilepsy). The loss of glutamine synthetase activity might be the reason for the increased extracellular glutamate and epileptic seizures in MTLE [15] .
Conclusion
Glutamate-dependent excitotoxicity is observed in almost all brain disorders and age-related neurodegenerative diseases. It is one of the main molecular mechanisms underlying epilepsy. The major pathway to prevent excitotoxicity is to remove excess glutamate from extracellular space via glutamate transporters. Therefore, developing therapeutics via activating glutamate transporters will be promising in the future in order to pave the way for combating epilepsy.
Studies characterizing excitotoxic mechanisms in epilepsy have focused on studying glutamate transporters and/or receptors. The sole mechanism for the removal of glutamate from extracellular space is via the transporter proteins. By this way, glutamate transporters preserve the non-toxic concentrations of glutamate. In addition to this, glutamate transporters modulate synaptic transmission and intersynaptic cross-talk [1] . It was shown in different studies that altering glutamate receptor or glutamate transporter expression by knockout or knockdown procedures in mouse models can induce or suppress epileptic seizures. Overstimulation of glutamate receptor causes the increased influx of Ca +2 and Na + through ion channels, which is followed by the transport of Cland water. Postsynaptic neurons are overloaded by extracellular Ca +2 and Na + as well as intracellular Ca +2 released from mitochondria. This combined Ca +2 overload leads to a metabolic damage in the cell resulting in necrosis [16, 17] .
The mitochondrial membrane potential is disrupted by the elevated influx of Ca +2 , which can reduce ATP synthesis [18] . In addition, cytochrome c is released during excitotoxicity leading to a delay in mitochondrial depolarization and the production of ROS [19, 20] .
As stated above, overstimulation of glutamate receptors induces Ca +2 influx and collapse of mitochondria, leading to progressive death of neurons [21] . In addition to mitochondria, endoplasmic reticulum is another organelle that is affected from glutamate overload. Increased Ca +2 influx may cause disintegration of the endoplasmic reticulum membrane, resulting in endoplasmic reticulum stress and ROS generation, which will eventually lead to apoptosis and necrosis in neurons [22] .
Necrosis is initially accepted as a mechanism of cell death after excitotoxicity. Necrosis is non-programmed passive cell death. It happens as a result of cell swelling and autolysis. It was shown that some neurons may die as a result of apoptosis, programmed cell death, after excitotoxicity [23] . Basically, neurons mainly die as a result of necrosis after being exposed to excitotoxic concentrations of glutamate. Surviving neurons may undergo delayed apoptosis. Complex cellular processes such as decrease in synaptic plasticity, disruption of neuronal circuitry, changes in interneuron number occur due to a massive neuronal death. These events cause epileptogenic changes leading to the development of spontaneous seizures. Reducing glutamatemediated excitotoxicity may help to stop or decrease seizure-induced epileptogenesis. Since apoptosis and necrosis are the two pathways that neurons die as a result of excitotoxicity in epilepsy, investigating molecules that will interfere with these pathways to prevent neuronal death will be an interesting area for research for this condition.
Another promising area to develop therapeutics for preventing excitotoxicity is glutamate transporters. The glutamate transporter EAAT2 (GLT-1) in glia plays a major role in glutamate uptake. Dysfunction or reduced expression of EAAT2 is observed in various neurodegenerative diseases or conditions. Many experimental studies with animal models demonstrated that increased EAAT2 expression prevents excitotoxicity. EAAT2 might be a potential target to prevent excitotoxicity. EAAT2 might be upregulated via transcription, translation or activators can be designed for trials [24] .
Kainic acid is used mainly to induce excitotoxicity in animal models of neurodegenerative diseases. The symptoms of excitotoxicity occurring in rodent models as a result of kainic acid treatment are seizures, neurodegeneration, behavioral phenotypes, oxidative stress, inflammation, endoplasmic reticulum stress, mitochondrial dysfunction. Therefore, kainic acid is used as an effective model for epilepsy both in rodents [25] and also in cell models [26] .
